ATM kinase, the product of the ataxia telangiectasia mutated (Atm) gene, is activated by genomic damage. ATM plays a crucial role in cell growth and development. Here we report that primary astrocytes isolated from ATMdeficient mice grow slowly, become senescent, and die in culture. However, before reaching senescence, these primary Atm À/À astrocytes, like Atm À/À lymphocytes, show increased spontaneous DNA synthesis. These astrocytes also show markers of oxidative stress and endoplasmic reticulum (ER) stress, including increased levels of heat shock proteins (HSP70 and GRP78), malondialdehyde adducts, Cu/Zn superoxide dismutase, procaspase 12 cleavage, and redox-sensitive phosphorylation of extracellular signal-regulated protein kinase 1 and 2 (ERK1/2). In addition, HSP70 and ERK1/2 phosphorylation are upregulated in the cerebella of ATMdeficient mice. This increase in ERK1/2 phosphorylation is seen primarily in cerebellar astrocytes, or Bergmann glia, near degenerating Purkinje cells. ERK1/2 activation and astrogliosis are also found in other parts of the brain, for example, the cortex. We conclude that ATM deficiency induces intrinsic growth defects, oxidative stress, ER stress, and ERKs activation in astrocytes.
Ataxia telangiectasia (A-T) is a human genetic disease whose hallmarks are oxidative damage, genomic instability, neurodegeneration, immunodeficiency, premature aging, sterility, and a predisposition to cancer. ATM, the product of the A-T mutated gene (Atm) is a large, multifunctional kinase that regulates responses required for cellular survival in response to DNA double-strand breaks caused by ionizing radiation, DNA damage agents, and DNA recombination. ATM undergoes autophosphorylation and subsequently initiates phosphorylation of multiple substrates, many of which are cell cycle regulators, such as p53. Activated ATM leads to cell cycle arrest, and also functions in concert with factors that repair DNA damage. [1] [2] [3] [4] In addition to its functions in repairing DNA damage induced by deleterious insults, ATM may be involved in sensing and modulating intracellular redox status. ATM helps hematopoietic stem cells maintain the capacity for self-renewal under oxidative stress. 5 ATM deficiency causes oxidative damage to proteins and lipids in the brain, testes, and thymus. 6 Several other studies have confirmed that the absence of ATM results in oxidative stress in the brain. [7] [8] [9] A-T produces severe neurodegeneration in humans, with ataxia and Purkinje cell damage. Several studies have shown that Atm À/À mice exhibit signs of A-T-like neurodegeneration, including oxidative stress in Purkinje cells and substantia nigral dopaminergic neurons, 10 but no ataxia-like movement disorder. It has been shown that ATM deficiency in the Atm À/À mouse brain results postnatally in deficient dendritogenesis in Purkinje neurons 9 as well as reduced cell size and diminished cell density in substantia nigral dopaminergic neurons. 8, 10 Atm À/À mice also show 'predegenerative' CNS lesions with age-dependent neuronal cell loss and gliosis, 11 dystrophic Purkinje cells, 12 and indicators of Purkinje cell cycle re-entry postnatally. 13 It has also been reported that in vitro survival of cerebellar Purkinje cells from Atm À/À mice is significantly reduced compared with their wild-type littermates. 9 Taken together, these reports show that Purkinje cells and substantia nigral dopaminergic neurons are damaged both in A-T humans and in ATM-deficient mice, although neurobehavioral consequences of these changes are less evident in Atm À/À mice. Antioxidant treatments have been shown to correct some neurobehavioral defects in Atm À/À mice 8 and to enhance Atm À/À Purkinje cell survival and dendritogenesis in culture. 9 Neurons are particularly vulnerable to oxidative stress, and neurons depend on astrocytes for antioxidant support. [14] [15] [16] [17] Loss of astrocytic antioxidant support may contribute to neuronal death. [18] [19] [20] [21] [22] [23] The findings of one study suggest that Atm À/À astrocytes are unable to protect Purkinje cells against oxidative stress.
9 However, it is not clear how Atm À/À astrocytes fail to protect these neurons.
Our previous study showed that Atm À/À thymocytes exhibit increased spontaneous DNA synthesis, which is associated with development of thymic lymphoma, and that by suppressing this redoxsensitive DNA synthesis thymic lymphoma can be prevented. [24] [25] [26] This suggests that ATM may control cell cycling by modulating redox status. 27 We show here that primary Atm À/À astrocytes in culture, which exibit growth abnormality, also show increased spontaneous DNA synthesis and markers of oxidative stress and endoplasmic reticulum (ER) stress. In addition, activation of redox-sensitive extracellular signal-regulated protein kinase 1 and 2 (ERK1/2) is increased in primary Atm À/À astrocytes and in Bergmann glia (astrocytes next to Purkinje neurons) in the cerebella of Atm À/À mice. We also detect ERK1/2 activation in cortical neurons and astrogliosis in cortices of Atm À/À mice. Thus, this study indicates ERK1/2 activation in both Atm À/À astrocytes and neurons, and suggests that oxidatively stressed Atm À/À astrocytes may partially contribute to the failure of antioxidant support to the neurons, eventually leading to neuronal oxidative stress.
Materials and methods

Materials
DMEM/F12 medium, fetal bovine serum (FBS), penicillin, streptomycin, Fungizone, and trypsin were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). All other reagents, unless otherwise specified, were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Animals
The Atm À/À mice were developed by Barlow et al.
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Heterozygous Atm þ /À mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and kept in the Animal Center at Science Park-Research Division of The University of Texas MD Anderson Cancer Center under standard conditions approved by the IACUC. These Atm þ /À mice were mated to produce newborns (total 40 pups) for primary cultures, and mature mice (2 or 3 months old, 10 Atm þ / þ and 8 Atm À/À ) were used for immunoblotting and immunohistochemistry.
Primary Culture of Astrocytes
Primary astrocytes were isolated from 1-to 2-dayold newborn mouse pups by a method described previously. 28 Pups from heterozygous (Atm þ /À ) parents were killed by carbon dioxide. The cerebellum of each newborn mouse was removed and minced separately in ice-cold DMEM/F12 medium and a small piece of skin from the ear pouch of each newborn was collected and kept for future DNA extraction and genotyping. A single-cell suspension was obtained by passing the minced cerebellar tissue through a 70-mm nylon mesh cell strainer and plated onto poly-L-lysine-coated 35-mm flasks and grown in DMEM/F12 medium, supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2.5 mg/ml Fungizone for 7-15 days until reaching confluence. 29 The cells developed into (80-85%) enriched astroglial cell cultures after passage in vitro at 371C in 5% CO 2 . Anti-glial fibrillary acidic protein (anti-GFAP) was used to identify astrocytes. Pup genotypes (Atm þ / þ , Atm þ /À , or Atm À/À ) were then identified by using standard genotyping protocol on ear pouch skin samples and used to label the respective primary culture cells. Astrocytes were allowed to grow to confluence and were used for flow cytometry, thymidine uptake, and immunoblotting analyses.
Flow Cytometry
Cultured cells at confluence were gently trypsinized and removed from the culture dishes. The suspended cells were fixed in 70% ethanol and stained with propidium iodide containing RNase (DNasefree; Roche, Indianapolis, IN, USA). DNA content was then analyzed on a Coulter Epics Elite flow cytometer (Beckman-Coulter, Miami, FL, USA). Cell cycle analysis was performed with the Multicycle system (Phoenix Flow Systems, San Diego, CA, USA). 
Immunoblotting
Astrocytes collected from cultures and cerebella isolated from CO 2 -sacrificed mice were harvested, and total proteins were extracted by using RIPA buffer (1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 0.25 mM phenylmethylsulfonyl fluoride, and 1 mM sodium fluoride in phosphate-buffered saline), supplemented with a protease inhibitor cocktail (Sigma), according to a modified protocol described previously. 29 Protein concentrations were measured by using Bio-Rad DC Protein Assay Reagent (Bio-Rad Laboratories, Hercules, CA, USA) following the manufacturer's suggestions. In all 75 mg of protein from cell lysates (or 50 mg for tissue lysates) was separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After electrophoresis, the proteins were transferred to a polyvinylidene fluoride membrane (Millipore Corp., Billerica, MA, USA). The membrane was blocked for 1 h in Tris-buffered saline (TBS) (100 mM Tris and 150 mM NaCl (pH 7.4)), with 5% nonfat milk at room temperature and then immunoblotted with antibodies against procaspase-12 (BioVision Inc., Mountain View, CA, USA); ERK1/2 and phosphorylated ERK1/2 (Cell Signaling Technology Inc., Beverly, MA, USA); GRP78 and heat shock protein (HSP) 70 (Santa Cruz Biotechnology, Santa Cruz, CA, USA); and MDA (Alpha Diagnostic, San Antonio, TX, USA). Afterward, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies, and immune complexes were detected by chemiluminescence (NEN Life Science Products, Inc., Boston, MA, USA).
Immunohistochemistry
Paraffin-embedded sections (6 mm thick) of formalinfixed 2-month-old mouse brains (four of Atm þ / þ , three of Atm À/À ) and 3-month-old mouse brains (three of Atm þ / þ , three of Atm À/À ) were deparaffinized and washed with TBS for 20 min at room temperature. Potential nonspecific binding sites were blocked with 5% normal goat serum in TBS, after which the tissue sections were incubated with phospho-p44/42 MAPK (ERK1/2) rabbit monoclonal antibody (Cell Signaling Technology Inc., Beverly, MA, USA) at a dilution of 1:100 for 4 h. After three 5-min washes in TBS, the sections were then incubated with biotin-conjugated secondary antirabbit IgG (Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature. A Vecta-Elite streptavidin-peroxidase kit with an alkaline phosphatase substrate was used for color development. The sections were counterstained with diluted hematoxylin. Sections that were not incubated with the primary antibody served as negative controls. Labeling of Bergman glial cells was performed according to a previously published method. 30 S-100B monoclonal antibody (diluted 1:4000) was purchased from Sigma-Aldrich, St Louis, MO, USA) and immunohistochemistry was carried out on consecutive sections of the cerebellum. Control sections were incubated with normal sera instead of the primary antibody, followed by all subsequent incubations. No nonspecific staining was observed. Sections were examined and photographed using an Olympus BH-2 microscope.
Statistical Analysis
Data are presented as mean7standard deviation. The statistical significance of the results was determined by Student's t-test. A probability of less than 5% was considered significant. astrocyte, since there is no significant difference of cell growth between Atm þ / þ and Atm þ /À astrocytes. Atm À/À astrocytes grown in 10% FBS could be passed only 3-4 times before they became flat and enlarged with increased intracellular vacuolation, ceased proliferating, and died (Figure 1b ). In contrast, Atm
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and Atm þ /À astrocytes could be passed more than 12 times.
We have shown previously that ATM-deficient murine thymocytes and human lymphocytes survive in culture only with high concentrations of serum, and that the rates of spontaneous DNA synthesis are greatly increased. 26, 32 To determine whether this also occurs in Atm À/À astrocytes, we (Figure 2a) . Cell cycle analysis showed that in medium containing 10% FBS, Atm À/À and Atm þ / þ astrocytes were cycling at similar rates and were mostly in the G1 phase at confluence (Figure 2b ). The rate of [ 3 H]thymidine uptake was also greater at lower FBS concentrations in both Atm À/À and Atm þ / þ astrocytes, although [ 3 H]thymidine uptake was much higher in the former.
Atm-Deficient Astrocytes Show Signs of Oxidative Stress and ER Stress in Culture
Signs of oxidative stress are present in Atm À/À mouse brains and neurons. [6] [7] [8] [9] As astrocytes normally provide trophic and antioxidant support for neurons, 17, [33] [34] [35] [36] it is possible that Atm À/À astrocytes are oxidatively stressed and unable to provide adequate antioxidant support to Atm À/À neurons, which may lead to oxidative stress in nearby neurons with resultant neuronal degeneration.
In our study, some markers of oxidative stress, including HSP70, Cu/ZnSOD, and MnSOD were increased in Atm À/À astrocytes (Figure 3a) . Malondialdehyde (MDA) is a byproduct of lipid peroxidation and readily combines with proteins, lipoproteins, and DNA. The detection of MDAmodified proteins shows the end point of lipid peroxidation and is used as a marker of oxidative damage. 37 In our study, the amounts of (MDA)-protein adducts at B68-, 50-, 37-and 30-kDa were (Figure 3b ). Together, these data indicate that ATM deficiency induces oxidative stress responses in astrocytes.
We have shown previously that ER stress is associated with oxidative stress in astrocytes infected by a cytopathic retrovirus-ts1. 22, 38 Here, we have shown that levels of ER stress markers, GRP78 and cleavage of procaspase-12 were also increased in Atm À/À astrocytes (Figure 3a) .
ATM Deficiency Induces Redox-Sensitive ERK1/2 Phosphorylation in Astrocytes
Mitogen-activated protein kinase (MAPK) subfamilies include ERK1/2, the c-Jun NH 2 -terminal kinases (JNK), and the p38 kinases. Here we showed that the levels of phosphorylated ERK1/2 increased in Atm À/À astrocytes (2.6-fold for ERK1 and 1.7-fold for ERK2 compared with the levels in Atm þ / þ astrocytes, Figure 3c ). JNK and p38, however, were not detectable in these astrocytes. Recently, it has been shown that the MAPK/ERK stress pathway is redox sensitive. [39] [40] [41] To determine whether the increase in ERK1/2 phosphorylation and activation is a consequence of oxidative stress, we treated Atm À/À astrocytes with antioxidant N-acetylcyste (NAC). The activation of ERK1/2 in these astrocytes was suppressed by treatment with NAC (38% reduction for ERK1 and 36% reduction for ERK2, Figure 3d ). This suggests that astrocytes respond to the ATMdeficiency-induced oxidative stress by activating the redox-sensitive ERK1/2 pathways.
ATM Deficiency Increases HSP70 Levels and ERK1/2 Phosphorylation in the Cerebellum
Humans with A-T show progressive deterioration of cerebellar functions and development of severe ataxia. In Atm À/À mice, increased oxidative stress in the cerebellum has been reported. 7 In this study, we found that HSP70 levels in cerebella of 2-monthold Atm À/À mice were much higher than those of their Atm þ / þ littermates (Figure 4a , Po0.01). In addition, the levels of phosphorylated ERK1/2 were also higher in the cerebella of Atm À/À mice than in those of Atm þ / þ mice (Figure 4b , Po0.01).
Phosphorylated ERKs is Increased in Bergmann Glia in the Atm
In the cerebellum, Bergmann glia are in direct contact with Purkinje cells. We observed that the levels of phosphorylated ERKs (including ERK1 and ERK2) staining was increased primarily in the Bergmann glia from Atm À/À cerebella of 2-monthold mice, with degenerating Purkinje neurons nearby (Figure 5b ). This was not seen in Atm (Figure 5a ). These findings suggest that oxidative stress occurs in astrocytes in the cerebella of Atm À/À mice. The Atm À/À Purkinje cell degeneration near the stressed astrocytes suggests that The relative levels of ERK1 and ERK2 phosphorylation were normalized by the levels of total ERK1 and ERK2, respectively, and the average phosphorylation levels are shown in the bars below the Western blotting graphs. *identifies Po0.05, average phosphorylation of ERK1/2 in Atm À/À vs that with NAC treatment.
Oxidative stress in Atm À/À astrocytes N Liu et al Purkinje cell degeneration may be the result of the oxidatively stressed Atm À/À astrocytes. Bergmann glia next to Purkinje cells were labeled by S100 antibody (Figure 5c ) and GFAP staining (Figure 5d ), which show identical localization in serial tissue sections.
Signs of oxidative stress were also present in other areas of the brain from 3-month-old Atm À/À mice, for example the cortex. Phosphorylation and nuclear translocation of ERKs were observed in cortical neuronal cells (Figure 6b) , and cortical sections showed signs of astroglios (Figure 7b) , possibly due to astrocytic response to neuronal damage.
Discussion
Primary astrocytes isolated from Atm À/À mice show growth abnormality in culture, as do other primary cells isolated from humans with A-T or from Atm À/À mice. 26, 31, 32, [42] [43] [44] [45] Our study here also shows spontaneous DNA synthesis in primary Atm À/À astrocytes, which is consistent with our previous findings that DNA synthesis is markedly increased in Atm À/À mouse thymocytes and in ATM-deficient human lymphocytes, 26, 32 which is associated with increased intracellular levels of H 2 O 2 (data not shown). H 2 O 2 -induced DNA synthesis also occur in thymocytes from another murine model of genetic cellular antioxidant deficiency. 46 Spontaneous DNA synthesis and the expression of certain markers of oxidative stress, observed in our thymocyte studies and reported here in Atm À/À astrocytes, suggest that ATM deficiency may affect cells from multiple anatomical systems, notably the immune and nervous systems, in similar ways.
Although overt signs of degeneration in the Atm
CNS have been a subject of controversy, there is now a growing body of evidence showing oxidative stress in ATM-deficient CNS cells, which disposes the ATMdeficient brain to degeneration. Others have shown that neural precursor cells cultured in lower concentrations of FBS produce higher levels of ROS, 47 and that at higher concentrations of FBS (which contains antioxidants) ROS production is reduced. 46 Studies on Atm À/À thymocytes also show that higher FBS concentrations, 46 or other antioxidants, such as NAC 26 and a-lipoic acid (data not shown), suppress spontaneous DNA synthesis by counteracting rising intracellular H 2 O 2 levels. 48 Since spontaneous DNA synthesis in Atm À/À cells can be suppressed by antioxidant treatment, it is likely that this increased spontaneous DNA synthesis is a cellular response to oxidative stress in Atm À/À astrocytes. However, this increased spontaneous DNA synthesis in Atm À/À astrocytes does not lead to cell proliferation, as shown by the fact that Atm À/À astrocytes do not show increased numbers of cells in S-phase. Further investigation on this subject is warranted and is currently underway in our laboratory. À/À cerebella. In all 2-month-old mice were used for cerebella dissection and protein extraction before thymic lymphoma developed. Three Atm þ / þ mice and two Atm À/À mice were used in this experiment. The bands in the blots were scanned for density analysis. The graphs represent two separate experiments. (a) Bands of HSP70 of the cerebella. The related levels of HSP70 were normalized by b-actin and the average levels of HSP 70 were shown in the bars below the Western blotting graphs. *identifies Po0.01, average HSP70 level in
The bands of phosphorylated ERK1/2 and total ERK1/2 in the cerebella. The relative levels of phosphorylated ERK1 and ERK2 were normalized by the total levels of ERK1 and ERK2, respectively, and the average phosphorylation levels are shown in the bars below the Western blotting graphs. *identifies Po0.05, average phosphorylation of ERK1 in Atm À/À vs that in Atm þ / þ , **identifies Po0.05 for ERK2.
Oxidative stress in Atm À/À astrocytes N Liu et al
We found that many markers of oxidative stress, including MDA-protein adducts, MnSOD, Cu/ZnSOD, and HSP70, were upregulated in these primary Atm À/À astrocytes, ER stress markers (GRP78 and caspase 12 cleavage) were also upregulated, and the redox-sensitive ERK1/2 was highly activated. Since the activation of ERK1/2 and spontaneous DNA synthesis were suppressed by NAC and high concentrations (40%) of FBS, we suggest that ATM functions to maintain redox and energy homeostasis in cultured astrocytes. In the absence of ATM, the oxidatively stressed astrocytes respond by activating their oxidative stress responses, including the heat shock response, the redox-sensitive signaling pathway (ERK1/2), and the ER stress response. As we also observed similar HSP70 and ERK1/2 responses in the cerebella of Atm À/À mice, we conclude that what we observed in astrocytes in vitro also occurs in vivo.
It is not clear how oxidative stress is induced in ATM deficiency. Some studies have shown that ATM deficiency causes depletion of antioxidants, 50 Treatment with antioxidants has been shown to reduce oxidative stress and DNA damage in ATM deficiency, 50 to protect Purkinje cells from oxidative stress-induced degeneration, 9 and to ameliorate neurobehavioral defects in Atm À/À mice. 8 We show here for the first time that ER stress signals are also elevated in Atm À/À astrocytes. The ER is a membranous network that requires a proper oxidative environment for folding newly synthesized proteins, and ER stress can be caused by conditions that perturb the oxidative environment and protein folding process as a result of energy deprivation and redox imbalance. [51] [52] [53] Thus it is likely that the ER stress response seen in Atm À/À astrocytes is a result of cellular redox imbalance.
Another novel finding from this study is the involvement of the MAPK/ERK signaling pathway in Atm À/À astrocytes. MAPK signaling pathways have been shown to play important roles in apoptosis, oncogenic transformation, and inflammatory or oxidative stress responses in various cell types. 54 Among the three major mammalian MAPK subfamilies, the ERK signaling pathway is most sensitive to oxidative stress. Activation of ERK by growth factors or oxidants can promote either cell proliferation [55] [56] [57] or cell death, especially in neuronal cells. [58] [59] [60] [61] These effects can be blocked by antioxidants. 62 Recent work by others also shows marked ERK1/2 activation in oxidatively stressed neurons. 63 In our study, ERK phosphorylation/activation was found in primary cultured Atm À/À astrocytes, and this activation was markedly suppressed by treatment with antioxidant NAC. Therefore, we concluded that the ERK activation was probably due to the oxidative stress caused by ATM deficiency. We also noted increased ERK phosphorylation of Bergmann glia near degenerating Purkinje neurons in Atm À/À mice. Bergmann glia are important in the development and support of Purkinje neurons. Thus, it is likely that oxidative stress, as indicated by ERK activation in Atm À/À astrocytes, may lead to astrocyte dysfunction, partially accounting for the degeneration of nearby neurons in the cerebellum.
Interestingly, we also found increased ERK phosphorylation and nuclear translocation in cortical neurons, dopaminergic neurons, and neurons in other brain regions including the olfactory bulb (data not shown) from older Atm À/À mice, which indicate wide distribution of neuronal oxidative stress in the CNS in Atm À/À mice. Although neurons are generally believed to be in the quiescent state in vivo, a recent study shows that Atm À/À neurons undergo cell cycle re-entry, which could eventually lead to neuronal death. 13 This and other signs of 'predegenerative' CNS lesions, including age-dependent neuronal cell loss and gliosis and dystrophic Purkinje cells, indicate that Purkinje cells and other neurons are damaged both in A-T humans and in ATM-deficient mice. Parallels between the pathologies of thymocytes from A-T humans and ATM-deficient mice have also been reported in our previous studies. It appears that in different cell types (thymocytes, astrocytes and neurons), ATM deficiency may initiate a common cellular mechanism to activate DNA synthesis and oxidative stress, leading to cell deficiency in proliferation, development, differentiation and maintaining normal physiologic functions. Whether this is the case in Atm À/À neurons is now under investigation in our laboratory.
In summary, our previous data on primary thymocytes and present data on primary astrocytes Oxidative stress in Atm À/À astrocytes N Liu et al have shown that the absence of ATM leads to intrinsic defects in these cells, which is manifested as unchecked DNA synthesis, failure of normal growth, differentiation and development, and abnormal levels of cell death, without ionizing radiation or other DNA damage agents. In Atm À/À thymocytes, lack of ATM leads to early thymic atrophy and later to thymic lymphomas in the Atm À/À mice, due to the abnormal development and neoplastic transformation in the few thymocytes that survive these defects in the Atm À/À thymus. 25, 26 As reported here, the abnormalities in primary Atm À/À astrocytes, including (a) inability to grow and develop normally, (b) increased spontaneous DNA synthesis, and (c) oxidative stress, ER stress and redox-sensitive ERK1/2 response, possibly contribute to the inability to provide normal support (in particular redox support) to nearby neurons in vivo. Use of antioxidants to reduce oxidative stress, especially in oxidation-hypersensitive organs such as the brain, may be therapeutically effective in ATM deficiency.
